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The interactions between viruses and their microbial hosts play a central role in the control
of microbial communities in nature. However, the study of such interactions within the
uncultured majority is technically very challenging. Here, we review how microarray tools
can be used to analyze the interactions between viruses and their microbial hosts in
nature, away from laboratory pure culture-based models. We show examples of how DNA
arrays have been used to study the expression of viral assemblages in natural samples,
and to assign viruses to hosts within uncultured communities. Finally, we briefly discuss
the possibilities of protein and glycan arrays to gain insight into the ways microbes interact
with their viruses.
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INTRODUCTION
As stated in the editorial of this issue of Frontiers in Microbiology,
the nature of life is change (Allen and Abedon, 2013). Changes
occur at every level of biological complexity and are especially fast
and dramatic within themicrobial world. These changes affect the
complex networks of interactions between viruses and their hosts
that structure microbial communities in nature. Here, we review
how microarrays can be used to analyze the interactions between
uncultured viruses and their microbial hosts in nature, away from
laboratory pure culture-based models. In addition to providing
some examples on the successful use of this technology, we offer
some ideas about its potential applications.
Microarray technology was developed in the mid-1990s
(Schena et al., 1995). Microarrays/chips are created by the immo-
bilization of molecules in discrete spatial locations (Figure 1),
normally at high density, on a solid surface. Depending on the
nature of the molecule immobilized on the physical substrate,
there are different types of microarrays, such as DNA, protein,
glycan, small molecule, cell, or even tissues (Berard et al., 2012).
The power of microarrays lies in their unprecedented capacity
to simultaneously interrogate tens to hundreds of thousands of
immobilized probes.
Microchips have been used extensively to study viral biology,
many times addressing ecologically relevant questions. Most of
these studies are circumscribed to the analysis of isolated viruses
or to issues related to the role of viruses in human health and
would therefore not fall within the scope of this mini review.
However, many of the examples of microarray applications in the
field of human virology could be (or have been) “upscaled” from
individual populations to the whole viral community present in
the samples under study. A similar rationale boosted the birth of
microbial metagenomics, which benefited from the sequencing of
the human genome.
The first uses (Table 1) of microarray tools in microbial viral
ecology focused on the description of the diversity and dynamics
of viral assemblages in environmentally relevant isolated viral-
host pairs. In these examples, DNA probes encompassing the
complete viral genomes were immobilized on a chip and used
to interrogate their expression within infected cells or to conduct
viral comparative genomic studies of isolated viruses.
Combined with metagenomics, microarrays have been used
to analyze viral diversity and dynamics within natural samples
(Table 1). For instance, Breitbart et al. (2008) constructed custom
arrays with sequences retrieved from a week-old infant virome
to follow the evolution of the viral assemblage during the first 2
weeks of the infant life. More recently, in a very elegant applica-
tion of microarrays in viral ecology, Snyder et al. (2010) used a
cellular CRISPR spacer-based microarray for detection of viruses
in Archaea-dominated acidic hot springs samples, taken from
Yellowstone National park (USA). The idea behind the design is
that the spacers contained within the direct repeat units in the
CRISPR loci of cellular genomes often derive from viruses that
infected the cell in the past. Therefore, the spacer sequences are in
a way a record of the infection history of the cell. These sequences
were retrieved from environmental cellular metagenomes (by in
silico search and PCR amplification) and immobilized as probes
into a chip to interrogate the viral assemblage. This array proved
to be useful both in the detection of unknown viruses and in the
monitoring of viral dynamics within the community.
Nowadays, given the lower costs and relative ease of Next
Generation Sequencing techniques, microarrays are no longer
needed for addressing the issues mentioned above. However, this
approach still offers some unparalleled possibilities, as described
below.
METAVIROTRANSCRIPTOMIC STUDIES
Array-based viral metatranscriptomic studies overcome the fact
that there is no straightforward, unambiguous way to extract
viral mRNA from bulk mRNAs and make the sequencing of all
mRNAs unnecessary. Thus, using the same terms presented in
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FIGURE 1 | A summary of the application of microarray tools to the study
of viral ecology. As described in the text, nucleic acids (from oligonucleotide
to complete viral genomes), proteins, or glycans can be immobilized on a solid
surface to probe different target molecules (nucleic acids, glycans, proteins).
The interaction between immobilized probes and targets is normally detected
by fluorescence although other detection systems are also available.
Table 1 | Some examples of the use of microarrays to study microbial viral ecologya.
Virus-host system/samples analyzed Issue addressed References
Bacteriophage T4 and E. coli b
Viruses infecting hyperthemophilic Archaea
Virus/host gene expression during infection Luke et al., 2002
Walther et al., 2011
Dehalococcoides-containing microbial consortium Characterization of prophages in prokaryotic genomes Waller et al., 2012
GTAsc and Rhodobacter capsulatus Encapsulation of GTAs Hynes et al., 2012
Coccolithoviruses and Emiliania huxleyi Viral diversity and gene expression during infection Allen and Wilson, 2008
Cyanophages and Prochlorococcus Phage and host transcriptome dynamics Lindell et al., 2007
Cyanophages and Synechococcus Comparative phage genomics Millard et al., 2009
Feces of new borns Diversity and dynamics of the viral assemblage Breitbart et al., 2008
Archaea-dominated acidic hot spring samples Identification of CRISPRs spaces within the viral metagenome Snyder et al., 2010
Candidatus Accumulibacter phosphatis- enriched sludge Phage expression and dynamics Kunin et al., 2008
Hypersaline sample Expression of the viral assemblage Santos et al., 2011
Archaea-dominated hypersaline samples Identification of viral-hosts pairs Martínez-García et al.,
in press
Gut bacteriophages Interactions between bacteriophages and gut mucus Barr et al., 2013
aThere are many examples on the study of phage-bacteria interactions related to disease and food production that are not considered here. All the examples provided
use different kinds of DNA microchip, except that of Barr et al. which uses a glycoarray (see text).
bAlthough this study could not be strictly considered as “microbial viral ecology,” we have included it here because it is a widely used model of interaction between
phage and bacterial host.
cGene Transfer Agents.
Allen and Wilson (2008) it no longer seems likely that microar-
rays will be used to ask “who is there?” in the field of viral ecology,
although they can definitely help to answer the ecologically rele-
vant questions “what is a particular component of the community
doing and how is it doing it?”
Kunin et al. (2008) analyzed viral and microbial assemblages
in two geographically distant sludge bioreactors (one in the
USA, and one in Australia) that were enriched with a single
bacterial species Candidatus Accumulibacter phosphatis (CAP).
Comparison of viral and microbial metagenomes suggested that
phages were active in the sludge ecosystem. To confirm this, the
US sludge was monitored at three time points spanning 3 months
using expression arrays constructed from selected predicted genes
from both phage and bacterial metagenomes. Hybridization of
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cDNA from the three time-course points with the array indicated
that a large number of viral genes were highly expressed and that
some phages persisted for long periods in the sludge. These results
indicated that the bacterial community in the sludge was under
“persistent local predation pressure.” Although microarrays had
been used previously for studying the activity of viruses infect-
ing humans, this is the first example of a metatranscriptomic
approach specifically targeting viral mRNAs since, normally, in
metatranscriptomic studies both viral and microbial mRNA are
analyzed together and separated only in silico. As the authors state,
this work illustrated the value of combining sequence and gene
expression data from the bacterial and viral fractions to address
ecologically relevant questions.
Applying a similar rationale, we analyzed the viral expres-
sion in one hypersaline environment using a metatranscriptomic
approach in which clones from ametaviromic library were immo-
bilized on a microarray and used as probes against total mRNA
extracted from the hypersaline community (Santos et al., 2011).
The immobilized metaviromic library had been prepared previ-
ously by cloning sheared viral DNA into plasmids. The metavi-
romic sequences were analyzed and classified according to their
putative hosts based on GC content and dinucleotide frequency
analysis, and thus each clone in the array corresponded to a
genomic fragment of a virus tentatively assigned to a micro-
bial host. The array was then hybridized with bulk mRNA
extracted from the natural assemblage (previously converted into
cDNA), which contained all the RNA from themicrobial genomes
expressed at the time of sampling as well as the viral RNA pro-
duced during infection. We found that the viral groups that had
the highest hybridization signal in the array (i.e., highest expres-
sion levels compared to the rest of immobilized viruses) were
those related to high GC content haloarchaea and Salinibacter
representatives, which were minor components in the environ-
ment. In addition, we analyzed the changes in expression of the
immobilized viruses when the natural samples were subjected to
two stress conditions (ultraviolet radiation and dilution). More
specifically, we also analyzed the expression of some viral genome
fragments carrying non-synonymous single nucleotide polymor-
phisms (SNPs) and saw that differences in sequences could be
related to changes in expression levels under various analyzed
conditions. We suggested that the viral assemblages could include
very closely related viruses, for which we proposed the term
“ecoviriotypes,” which would respond differentially to changes in
environmental parameters.
ASSIGNING VIRUSES TO HOSTS
Quite recently, we combined microarrays with single cell genomics
(SCG) to assign virus-host pairs within natural uncultured
microbial communities without the need for culture techniques
(Martínez-García et al., in press). We investigated virus-host
pairs within an Archaea-dominated hypersaline sample. First, we
constructed a fosmid viral metagenomic library. This cloning
approach was chosen because the optimum insert size for fos-
mids (i.e., between 30 and 45 kb) corresponded to the size of
most haloviral genomes detected in the analyzed samples. Then,
individual cloned viral genomes were immobilized in an array
or “virochip” (which, in a way, resembles the one designed by
Wang et al., 2002, that contained probes targeting different fam-
ilies of human pathogenic viruses). In parallel, genomic contents
of uncultured individual cells present in the sample were retrieved
by fluorescence activated cell sorting and their genomes ampli-
fied by multiple displacement amplification. Finally, individual
cell genomes were hybridized against the virochip. Infected cells
and immobilized viruses yielding positive hybridization were
then sequenced and characterized. With this new approach,
we described the first uncultured virus infecting the ubiqui-
tous, uncultured Nanohaloarchaeal group in hypersaline envi-
ronments, demonstrating the usefulness of combining these two
high-throughput technologies (microarrays and SCG).
The advances of SCG as a mean to decipher genetic infor-
mation of uncultured cells is spurring the development of single
virus genomics (Allen et al., 2011) for unveiling genomic viral
diversity in nature, one virus at a time. So, following the same
rationale as our above mentioned study, massive microarrays
could be constructed with thousands of immobilized single viral
and prokaryote genomes, as a way to assign viruses to hosts in
the majority of uncultured microbes, disentangling the complex
virus-host network interactions within uncultured assemblages.
PROTEIN AND GLYCAN ARRAYS
Protein arrays can be either analytical (to check for the presence of
given proteins in the analyzed samples) or functional (to query for
properties of the immobilized proteins) (Uzoma and Zhu, 2013).
They can range from immobilized peptides to more complex sys-
tems as yeast two hybrid or phage display arrays. Analytical pro-
tein microarrays have been used for biomarker detection in virus
infection, in the search for novel serological biomarkers in dis-
ease, and in the study of lectin-glycan interactions to characterize
mammalian cell envelopes. Functional protein microarrays can
be used for identifying protein-protein, protein-lipid, protein-
antibody, protein-small molecule, protein-DNA (transcription
factors), protein-RNA, protein-lectin interactions; for identifying
substrates or enzymes corresponding to different modifications;
and for profiling the immune response (reviewed in Hsu and
Mahal, 2009; Ben-Ari et al., 2013; Uzoma and Zhu, 2013).
One specific type of protein microarrays uses antibodies as
probes. They have been widely used in the diagnosis and mon-
itoring of disease but also have applications that extend beyond
the field of biomedicine. For instance, Parro et al. (2011) designed
and built a series of instruments called SOLID (for “Signs Of Life
Detector”) for the automatic in situ detection and identification
of substances that can be applied in the search for life in extreme
environments and planetary exploration (Parro et al., 2011). This
kind of microarrays are multiplex immunosensors with antibod-
ies targeting polymeric biomolecules such as lipoteichoic acids,
peptidoglycan, DNA, exopolysaccharides, proteins or whole cells,
and can be used for biomarker and community profiling in envi-
ronmental samples or for veterinary and biomedical applications
(Palacín et al., 2012).
Although, to the best of our knowledge, protein microarrays
have not been used to study phage-microbe interactions, they
have been used to address complex aspects of the interaction
between human viruses and their target cells. Therefore, why
couldn’t they be used to study the interactions of phages with
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their host bacterial communities? For instance, virion proteins
immobilized on microarrays could be used to “fish” host enve-
lope components involved in phage recognition. Furthermore,
immunosensors constructed with antibodies against different
phages could be used for monitoring the presence of these phages
in environmental samples.
Finally, glycan (or carbohydrate) arrays allow the evaluation,
in a high-throughput manner, of interactions between carbohy-
drates and proteins (including antibodies), viruses and cells (see
Liang and Wu, 2009; Rillahan and Paulson, 2011). These arrays
can be used to probe hundreds of receptor-ligand interactions
in one experiment. They have been applied to the study of the
activity of carbohydrate modifying enzymes and the roles of gly-
can in the detection of diseases such as AIDS and other viral and
infectious diseases and in vaccine development. These chips can
be built either by immobilizing known glycans or with so-called
shotgun glycomics, which uses bulk glycans extracted from the
cells of interest (Song et al., 2011).
In 2004, Blixt et al. (2004) published the description of an
array of more than 200 carbohydrates representing major gly-
can structures of glycoproteins and glycolipids. This “glycochip”
can be used for profiling the specificity of a diverse range of
mammalian, plant, viral and bacterial glycan binding proteins
(lectins), as well as of antibodies and intact viruses. Currently, the
Consortium for Functional Glycomics has available an array with
610 diverse glycans found in mammalian cells that can be used
for a wide range of applications within the biomedical field, such
as the profiling of immune response to infection or the glycomics
of several diseases of different etiology (www.functionallycomics.
org). However, applications of the array extend beyond strictly
disease-oriented analyses and have been used, for instance, to
unveil interactions between the gut microbiota and the host
environment (Garrido et al., 2011).
In a recent pioneering work within the field of phage ecology
(Barr et al., 2013), the glycoarray was applied to the analysis of
the interactions of bacteriophage and gut mucus. These authors
demonstrated that mucus surfaces in metazoans were enriched
in bacteriophages compared to the surrounding environments
and that this enrichment occurred by binding between mucin
glycopetides and immunoglobulin-like domains exposed on the
capsid surfaces. Based on the results of their study, the authors
proposed the bacteriophage adherence to mucus (BAM) model
according to which phages provide a non-host derived antimi-
crobial defense on the mucosal surfaces of diverse metazoan
hosts.
The presence of Ig-like proteins has been found in structural
protein of approximately one fourth of sequenced tailed phages
where they were proposed to facilitate adherence to bacterial cell
surfaces during infection (Fraser et al., 2007). Given the relevance
of carbohydrates in the phage-host recognition, it seems feasible
that this approach may also be useful within the field of phage
biology. For instance, in the above mentioned example of Kunin
et al. (2008) the CAP strains detected in the bioreactors in the
USA and Australia, although very closely related, presented highly
variable extracellular polymeric substances (EPS) gene cassettes.
EPS can act as a first line of defense against phage predation
and, conversely, lytic bacteriophages can encode strain-specific
EPS degrading polysaccharases (Sutherland, 2001). Conversely,
carbohydrate binding and lectin-like domains have frequently
been found within the metaviromic islands in marine phages
(see the paper by Mizuno et al., 2014). Carbohydrate microar-
rays could then be a very powerful tool to explore this kind of
glycan-mediated phage-microbe interaction.
FINAL REMARKS
Figure 1 summarizes all the applications of the different kinds of
microarrays presented here. Our point has not been to convince
readers to use microarrays but to illustrate the power of the com-
bination of several high throughput techniques to unveil relevant
aspects of virus-microbe interactions in the past and, hopefully,
in the future. We hope that this goal has been accomplished.
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